The paper presents the results of an examination of aluminum samples exposed to runaway electron preionized diffuse discharges in air, nitrogen, and argon at atmospheric pressure. The changes in the chemical composition, structure, and hardness of the aluminum surface layers caused by the action of the discharge were investigated. It has been found that the oxygen and carbon concentrations in the surface layers depend on the number of discharge pulses and on the chemical composition of the working gas. The goal of the study was to find possible uses of runaway electron preionized diffuse discharges in research and industry.
INTRODUCTION
Various methods of surface modification of materials by electrical discharges aimed at giving the surface layers new properties have been efficiently used for a long time. However, these methods are based on electrolysis and, therefore, have a major drawback. They are not safe for the environment and personnel, as electrolytes are usually complex mixtures of salts and acids having high temperatures during the process of electrolysis.
In this regard, the surface modification of materials as a result of plasma chemical reactions is of great interest. The research in this area has been under way for a rather long time, and the results have already been used in developing various surface treatment technologies. In particular, studies on nitriding of titanium surfaces [1] [2] [3] or on deposition of energy saving coatings on glass surfaces [4] can be mentioned. All of these studies and the development of various surface modification techniques are aimed at generating new surface properties of materials not characteristic of them in normal state.
Since 2003, we have studied a new type of volumetric discharges in gases, namely, the runaway electron preionized diffuse discharge (REP DD) [5] [6] [7] . This discharge is volumetric at high pressures and does not require preionization of the gas to be initiated. The results of our studies of REP DDs gave us impetus to begin investigations of the surface properties of different materials exposed to this type of discharge [6] [7] [8] [9] [10] [11] .
EXPERIMENTAL EQUIPMENT AND PROCEDURE
The experiments on studying the action of an REP DD on aluminum were carried out on two setups. The first one was based on a RADAN-220 generator [12] , which produced voltage pulses of amplitude 360 kV (open circuit voltage), FWHM ~0.7 ns (across a matched load), and rise time ~0.5 ns. Measurements have shown that the discharge peak current was ~3 kA and the total duration of the discharge current pulse was ~13 ns (the duration of the first half period of the discharge current was ~3 ns). The samples were irradiated in a repetitive pulse mode at a pulse repetition frequency of 1 Hz. The specific power input to the discharge plasma was over 100 MW/cm 3 . A tube of diameter 6 mm made of 50 µm thick titanium foil was used as a cathode. In this setup, specially prepared aluminum plates of thickness 1.5 mm were used for the anode. The electrode gap spacing was 18 mm. The experiment using the RADAN-220 setup was performed in an open chamber, with free access of air. The other exp generator cap was used as ~10 MW/cm 3 out in a repeti
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It can be seen that as-supplied Russia produced aluminum was in fact similar to that produced in China, except for the greater carbon content within the first 20 nm depth of the surface layer. However, the oxygen and aluminum oxide contents in the Russian aluminum samples were lower (by about 5%) compared to the Chinese samples.
However, when exposed to REP DD with the same dose and under the same conditions, the Russia produced aluminum responded quite differently. The carbon compounds remained almost intact in the surface layer, whereas the oxygen and aluminum oxide concentrations increased beginning from the 10 nm depth, and oxygen penetrated throughout the examined depth of the metal bulk.
We intentionally tried to choose aluminum samples different from each other and so used plates and foils produced in different countries. The French aluminum sample (see Fig. 6 ) was strongly different in surface condition from those produced in Russia and China. It seems that the surface of the French sample was even more porous than that of the Russian sample. The surface of the as-supplied sample was oxidized to a greater extent and to deeper layers (up to 50 nm). Figure 6 . Concentrations of the main elements in samples of France produced aluminum before and after treatment with 100000 discharge pulses in nitrogen.
It consisted of hydrocarbon compounds, oxygen, and aluminum oxide. The oxygen concentration in the French sample decreased to 10% at a depth of 270 nm against 50 and 80 nm in the Russian and the Chinese sample, respectively. The same trend was observed for carbon: its 10% at. concentration in the Russian and Chinese samples was reached at a depth of 20 nm, whereas in the French sample, this carbon concentration was observed only at a depth of 150 nm.
Nevertheless, despite the highly contaminated surface of the French sample, the changes in main element concentrations resulted from the exposure to REP DD in nitrogen showed the same trend as observed for the Russian sample. The carbon concentration remained almost unchanged, whereas the oxygen concentration increased dramatically and reached over 60% at. a depth of 210 nm. The changes in aluminum oxide concentration were also similar to its changes in the Russian sample. In the deep layers, the aluminum oxide concentration was over 20% at., whereas its changes, compared to the as-supplied sample, were within the measurement error.
The results obtained indicate that the surface of the French sample was highly porous. In addition, the high oxygen content in the as-supplied material suggests that the sample was exposed to air for a longer time than the other samples.
Analysis of the results of the REP DD action on aluminum in nitrogen provokes the question of why the metal is oxidized under these conditions. According to the certified data for the nitrogen used in the experiments, the volume fraction of oxygen in molecular form and as a water vapor component made no more than 0.0017%. We suppose that during the discharge operation, oxygen ions are produced which interact with nitrogen and water to form nitrogen oxides and more complex compounds, such as molecular nitric acids [16] . Along with this, some of the negative oxygen ions penetrate, under the action of the accelerating voltage, into the anode surface layer and oxidize the metal (aluminum in the case under consideration).
After the exposure of the samples to REP DD with the same dose (100000 pulses) in argon at normal pressure, no changes in their surfaces were detected visually. Therefore, in this case, the elemental composition of the sample surface layers was not analyzed.
CONCLUSIONS
Based on the obtained data on the action of REP DDs on aluminum surfaces, it has been found that the test samples showed two main responses to this type of treatment: oxidation and freeing of carbon. Supposedly, the degree of response primarily depends on the porosity of the metal rather than on the composition of the working gas. The more porous the surface of an aluminum sample, the deeper the oxygen penetration and the more problematic the removal of the carbon compounds present in the surface layers of as-supplied samples.
